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INTRODUCTION 

Assisted Reproductive Technology (ART) refers to 

medical interventions used to achieve pregnancy in 

individuals facing infertility. Since the advent of in vitro 

fertilization (IVF) in 1978, ART has continuously evolved, 

incorporating technological, genetic, and biomedical 

breakthroughs. The global ART market is projected to 

reach USD 45 billion by 2027, reflecting increasing 

demand and innovation.1 This review discusses six major 

developments in ART and their applications in 

reproductive medicine, namely, endometrial microbiome, 

non-invasive genetic screening, mitochondrial 

replacement therapy, ovarian tissue cryopreservation, 3D 

bioprinting of reproductive tissues, and stem cell 

treatment. For each technology, the article outlines the 

underlying methods or test principles, including 

sequencing-based microbiome analysis, cell-free DNA 

testing, spindle-chromosome transfer techniques, 

cryopreservation protocols, bioprinting techniques, and 

stem cell differentiation strategies. It further explores what 

each technology addresses ranging from improving 

embryo implantation and reducing genetic risks to fertility 

preservation and tissue regeneration. The benefits of these 
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ABSTRACT 

Assisted reproductive technology (ART) is undergoing a transformation driven by emerging biomedical innovations. 

This review examines recent advances including modulation of the endometrial microbiome, non-invasive 

preimplantation genetic testing (niPGT) (usually referred as NIPT - non-invasive prenatal genetic testing), 

mitochondrial replacement therapy (MRT), and reproductive tissue engineering and evaluates their clinical efficacy, 

ethical implications, and impact on reproductive outcomes. For instance, niPGT has demonstrated up to 80% 

concordance with invasive testing and reducing biopsy-associated risks. Endometrial microbiota profiling is 

increasingly used to personalize embryo transfer timing, improving implantation up to 30% of previously unsuccessful 

in vitro fertilization (IVF) cycles. Innovations in ovarian tissue cryopreservation and 3D bioprinting of reproductive 

tissues offer fertility solutions for patients with cancer or congenital anomalies. However, these advancements in 

technology raise ethical concerns around embryo manipulation, germline modification, and equitable access. By 

synthesizing recent findings, this paper outlines the future trajectory of ART, emphasizing the need for evidence-based 

integration and regulatory oversight. 
 
Keywords: Assisted reproductive technology, Non-invasive preimplantation genetic testing, Mitochondrial 
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innovations, such as increased safety, personalization, and 

expanded reproductive options, are weighed against their 

limitations, including technical challenges, limited long-

term data, ethical concerns, and regulatory hurdles. 

Together, these insights provide a forward-looking 

perspective on the integration of emerging technologies in 

fertility care. 

Table 1: Summary of the latest technologies in assisted reproductive technologies (ART). 

S. 

no. 
Technology 

Clinical 

availability 

Adoption 

timeline 
Key limitations Regulatory/ethical issues 

1 

Endometrial 

microbiome 

profiling 

Available 

(clinical use) 

Already used 

in select IVF 

labs 

Lack of test 

standardization; variable 

reproducibility; uncertain 

causality with infertility 

Need for consensus on 

diagnostic thresholds and 

treatment pathways 

2 
Non-invasive PGT 

(niPGT) 

Emerging 

(not yet 

standard) 

Within 3–5 

years (pending 

trials) 

Low DNA yield; maternal 

contamination; variable 

concordance with biopsy 

methods 

Requires validation for 

standalone use; regulatory 

guidance on non-invasive 

embryo screening needed 

3 

Mitochondrial 

replacement 

therapy (MRT) 

Restricted to 

few 

countries 

Experimental; 

country-

dependent 

Technical challenges 

(mitochondrial carryover); 

unknown long-term risks 

Germline modification 

ethics; banned in many 

countries; allowed under 

strict UK guidelines (e.g., 

HFEA) 

4 

Ovarian tissue 

cryopreservation 

and transplantation 

Established 

(special 

centers) 

Widely used 

in cancer 

fertility 

Not safe for leukemia 

patients (risk of malignant 

cell reintroduction); need 

for ischemia-reducing 

protocols 

Regulated as part of onco-

fertility protocols requires 

institutional oversight and 

tissue banking standards 

5 

3D Bioprinting of 

reproductive 

tissues 

Preclinical 

(animal 

studies) 

5–10 years 

(dependent on 

trials) 

Vascularization and 

innervation barriers; 

limited to small animal 

models 

Needs preclinical and 

clinical safety data; future 

ethical concerns for uterus 

printing and implantation 

6 

Stem cell therapy 

(e.g., for 

Asherman’s, POI) 

Early 

clinical use 

(select cases) 

3–7 years 

(based on trial 

results) 

Unstandardized protocols; 

unclear long-term safety; 

small sample sizes in 

current studies 

Requires regulatory 

approval for cell therapy; 

ethical review for 

autologous/allogeneic use 

and informed consent 

frameworks 

ENDOMETRIAL MICROBIOME 

The endometrial microbiome primarily composed of 

Lactobacillus-dominant flora plays a pivotal role in 

successful implantation and pregnancy maintenance. 

Dysbiosis, characterized by a reduction in Lactobacillus 

species and overgrowth of anaerobes such as Gardnerella 

and Atopobium, is associated with recurrent implantation 

failure (RIF), miscarriage, and preterm labor.2-4 

Mechanistically, dysbiosis disrupts the immune milieu of 

the endometrium, triggering pro-inflammatory cytokine 

cascades that impair trophoblast invasion and 

decidualization.5 Recent clinical trials employing 

microbiota profiling and targeted antibiotic or probiotic 

treatments have reported up to 30% improvement in 

implantation and live birth rates in RIF patients.1,2 Few 

researchers highlight the role of the endometrial 

microbiome in fertility, focusing on diagnostic 

technologies such as 16S rRNA gene sequencing and 

metagenomic analysis used to profile microbial 

communities from endometrial samples.6-9 These tests help 

identify microbial imbalances particularly the presence or 

absence of Lactobacillus species linked to implantation 

failure and infertility. The benefits include personalized 

treatment strategies, improved implantation rates, and the 

potential to guide targeted antibiotic or probiotic therapy. 

A key success story by Moreno et al showed significantly 

better IVF outcomes in women with Lactobacillus-

dominated microbiota, supporting its clinical relevance.10 

However, limitations remain, including lack of 

standardization, variable test reproducibility, and 

uncertain causal relationships.  

NON-INVASIVE PREIMPLANTATION GENETIC 

TESTING (niPGT)                                                            

Conventional preimplantation genetic testing (PGT-A) 

involves trophectoderm biopsy, which carries risks of 

embryo damage and mosaicism misinterpretation. niPGT, 

which analyses cell-free DNA from spent embryo culture 



Vijay AS et al. Int J Reprod Contracept Obstet Gynecol. 2025 Dec;14(12):4444-4448 

International Journal of Reproduction, Contraception, Obstetrics and Gynecology                                 Volume 14 · Issue 12    Page 4446 

media, offers a non-invasive alternative.11-13 Studies show 

a concordance rate of 70–80% with invasive PGT, with 

ongoing efforts to enhance accuracy through next-

generation sequencing and machine learning 

algorithms.14,15 niPGT holds promise for widespread 

adoption, particularly in patients with limited embryo 

numbers or ethical concerns about embryo manipulation. 

However, niPGT faces challenges like low DNA yield, 

potential maternal contamination, and variable agreement 

with biopsy-based results, limiting its standalone use. A 

key study by Xu et al demonstrated about 78% 

concordance with conventional methods, supporting 

niPGT’s potential as a promising tool in IVF embryo 

selection.16 However, differences in DNA yield and 

contamination continue to raise technical challenges. 

MITOCHONDRIAL REPLACEMENT THERAPY 

(MRT)  

MRT is designed to prevent transmission of mitochondrial 

DNA (mtDNA) disorders by replacing defective maternal 

mitochondria with healthy donor mitochondria. 

Techniques such as spindle transfer and pronuclear 

transfer are used to create embryos free from maternal 

mtDNA mutations.17,18 MRT has resulted in live births in 

select clinical settings, although long-term safety and 

epigenetic effects remain under scrutiny. The technique 

has sparked ethical debates, particularly regarding 

germline modification and the creation of "three-parent" 

embryos.19,20 While MRT offers life-changing benefits by 

reducing mitochondrial disorder risks, it faces ethical 

debates, technical hurdles like mitochondrial carryover, 

and limited long-term data. The landmark successful live 

birth in 2016 Dr John Zhang highlights its clinical promise, 

though broader adoption awaits further validation and 

regulatory consensus. Regulatory policies vary worldwide, 

with MRT approved under strict guidelines in the UK but 

prohibited in several other countries.21 

OVARIAN TISSUE CRYOPRESERVATION AND 

TRANSPLANTATION                                                 

Ovarian tissue cryopreservation is gaining traction as a 

fertility preservation method, particularly for prepubertal 

cancer patients or those requiring immediate gonadotoxic 

therapy.22,23 Transplantation of thawed ovarian tissue has 

resulted in restoration of endocrine function and over 200 

live births globally.24 Advances in cryoprotectant 

solutions, vitrification techniques, and ischemia 

prevention strategies have improved graft longevity and 

follicular viability. Importantly, this technique bypasses 

the need for ovarian stimulation and can preserve 

thousands of primordial follicles in a single procedure. 

Ovarian tissue cryopreservation is rapidly becoming a 

popular method for preserving fertility, especially for 

prepubertal cancer patients or those terminally ill patients, 

who need immediate gonadotoxic treatment that harms 

their ovaries. The transplantation of thawed ovarian tissue 

has successfully restored hormonal function and has 

resulted in over 200 live births worldwide.24 Advances in 

cryoprotectant solutions, vitrification techniques, and 

strategies to prevent tissue damage during the process have 

significantly improved the longevity of grafts and the 

viability of follicles. Additionally, this technique 

eliminates the need for ovarian stimulation and can 

preserve thousands of primordial follicles in a single 

procedure. The first live birth following OTC/OTT was 

reported by Donnez et al marking a significant milestone 

in fertility preservation.25 In patients with hematological 

cancers (e.g., leukemia), there is a risk of cancer cell 

contamination in ovarian tissue. It is considered unsafe in 

these patients, and therefore a limitation in leukemia 

patients. 

BIOPRINTING OF REPRODUCTIVE TISSUES  

Bioprinting (3-Dimensional) enables the fabrication of 

biomimetic ovarian, endometrial, and uterine tissues using 

patient-derived cells and biocompatible scaffolds. Animal 

studies have shown successful ovulation and hormonal 

function using 3D-printed ovarian constructs.26-28 These 

technologies offer future possibilities for uterine factor 

infertility and endocrine restoration. In 2017, researchers 

at Wake Forest used 3D bioprinting to create scaffold-

based artificial ovaries from gelatin, a collagen derivative. 

They implanted these bioprosthetic ovaries into sterilized 

female mice.29 This study offered proof-of-concept that 

bio-printed ovaries could restore fertility and hormone 

function, potentially benefiting cancer survivors or women 

with premature ovarian insufficiency. Challenges remain 

in vascularization, innervation, and regulatory approval, 

but ongoing research is rapidly addressing these barriers.30 

STEM CELL THERAPY 

Stem cell therapy is emerging as a strategy to regenerate 

ovarian function, particularly in women with premature 

ovarian insufficiency (POI). Mesenchymal stem cells 

(MSCs) from bone marrow or adipose tissue have shown 

potential to restore folliculo-genesis and hormone 

secretion in animal models and small-scale human trials.31-

33 Mechanistically, MSCs exert paracrine effects that 

modulate the ovarian microenvironment, reduce fibrosis, 

and enhance angiogenesis. One of the success stories was 

from AIIMS, Delhi, wherein a woman with severe 

Asherman’s syndrome and refractory endometrial atrophy 

who had failed multiple IVF cycles was intervened 

through Bone marrow-derived stem cells were isolated and 

infused into the sub-endometrial zone via hysteroscopy 

with outcome being significant improvement in the 

endometrial thickness, normalcy of menstrual flow, 

natural conception occurred, resulting in a live birth, 

reported in 2014.34 

However, standardized protocols, long-term safety data, 

and ethical frameworks are necessary before routine 

clinical application.35 
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CONCLUSION 

Emerging technologies in assisted reproductive 

technology (ART) are revolutionizing fertility care, with 

varying degrees of clinical readiness. Endometrial 

microbiome profiling is already used to personalize 

embryo transfer, while non-invasive PGT (niPGT) shows 

promising accuracy but requires further validation. 

Mitochondrial replacement therapy (MRT) offers a 

solution for mitochondrial disorders but is ethically 

contentious and regulated differently across countries. 

Ovarian tissue cryopreservation is well-established for 

fertility preservation, though contraindicated in leukemia. 

Experimental approaches like 3D bioprinting of 

reproductive tissues and stem cell therapy show potential 

for restoring fertility and endocrine function but remain in 

early clinical or preclinical stages. Adoption of these 

innovations into routine ART practice will depend on 

addressing technical limitations, ensuring long-term 

safety, and developing consistent regulatory and ethical 

guidelines. 
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